The NDI1 gene encoding rotenone-insensitive internal NADH-quinone oxidoreductase of Saccharomyces cerevisiae mitochondria was cotransfected into the complex I-deficient Chinese hamster CCL16-B2 cells. Stable NDI1-transfected cells were obtained by screening with antibiotic G418. The NDI1 gene was shown to be expressed in the transfected cells. The expressed Ndi1 enzyme was recognized to be localized to mitochondria by immunoblotting and confocal immunof luorescence microscopic analyses. Using digitonin-permeabilized cells, it was shown that the transfected cells, but not nontransfected control cells, exhibited the electron transfer activities with glutamate͞malate as the respiratory substrate. The activities were inhibited by f lavone, antimycin A, and KCN but not by rotenone. Added NADH did not serve as the substrate, suggesting that the expressed Ndi1 enzyme was located on the matrix side of the inner mitochondrial membranes. Furthermore, although nontransfected cells could not survive in a medium low in glucose (0.6 mM), which is a substrate of glycolysis, the NDI1-transfected cells were able to grow in the absence of added glucose. When glycolysis is slow, either at low glucose concentrations or in the presence of galactose, respiration is required for cells to survive. The mutant cells do not survive at low glucose or in galactose, but they can be rescued by Ndi1. These results indicated that the S. cerevisiae Ndi1 was expressed functionally in CCL16-B2 cells and catalyzed electron transfer from NADH in the matrix to ubiquinone-10 in the inner mitochondrial membranes. It is concluded that the NDI1 gene provides a potentially useful tool for gene therapy of mitochondrial diseases caused by complex I deficiency.
Mammalian NADH-quinone (Q) oxidoreductase (complex I) is composed of at least 43 distinct subunits and has the most intricate structure of the membrane-bound mitochondrial enzyme complexes (1) . Of these subunits, seven are encoded by mitochondrial DNA and others are encoded by nuclear DNA (2, 3) . Complex I contains noncovalently bound FMN and at least five EPR-detectable iron-sulfur clusters as prosthetic groups (4) (5) (6) (7) . It has been shown in recent years that structural and functional defects of complex I are involved in many human mitochondrial diseases (8) (9) (10) . At present, mutations and deletions of the seven mtDNA-encoded subunits are not correctable and mutations of multiple subunits encoded by nuclear DNA are difficult to repair. Various chemotherapies have been reported to be ineffective at the present time (11) . Dysfunction of complex I presents three problems (12) : (i) impairment of the ability of the respiratory chain to oxidize NADH to NAD; (ii) impairment of the ability of this enzyme to pump protons, which results in a decrease in the rate of ATP synthesis; and (iii) production of superoxide radicals, causing mitochondrial DNA mutations, lipid peroxidation, and protein denaturation. Of the three problems, the impairment of proton pumping by one of the three proton translocation sites does not appear to be a severe health hazard as compared with the inability of mitochondria to oxidize NADH and damage by superoxide production.
There is another type of NADH-Q oxidoreductases that are distinct from complex I in that they do not contain a proton translocation site and are rotenone-insensitive. In contrast to mammalian mitochondria that are believed to contain only complex I, mitochondria of Saccharomyces cerevisiae lack complex I but instead have rotenone-insensitive NADH-Q oxidoreductases (13) (14) (15) . In S. cerevisiae mitochondria, at least two distinct rotenone-insensitive NADH-Q oxidoreductases are considered to be present, because in contrast to mammalian mitochondria, a malate͞aspartate shuttle that allows redox equilibration of NADH between the mitochondrial matrix and the cytoplasm is absent from this organism (15) . Therefore, one NADH-Q oxidoreductase faces the intermembrane space (referred to as external, rotenone-insensitive NADH-Q oxidoreductase), and the other faces the matrix (designated internal, rotenone-insensitive NADH-Q oxidoreductase) (14) .
The internal, rotenone-insensitive NADH-Q oxidoreductase of S. cerevisiae mitochondria is a single polypeptide enzyme with noncovalently bound FAD as a cofactor and no iron-sulfur clusters (13) . The enzyme is reported to be a two-electron reaction enzyme, whereas complex I is believed to be a one-electron reaction enzyme (12, 13) . If so, the yeast enzyme should not cause complications resulting from free radicals. The NDI1 gene encoding the enzyme has been cloned and sequenced by de Vries et al. (15) . The DNA sequence indicates the presence of an ORF of 1,539 bp predicted to encode a precursor protein of 513 aa residues. Of these amino acid residues, 26 residues at the NH 2 terminus serve as the signal sequence for import into mitochondria. The Ndi1 enzyme is believed to be attached to the inner membranes on the matrix side. It is the main entry point into the respiratory chain in this organism, just as complex I is in mammalian mitochondria (16, 17) . Should the Ndi1 enzyme replace the functionality of complex I in the mammalian systems, it would solve problems (i) and (iii) described above. As described previously (12) , Ndi1 is a versatile enzyme because the Ndi1 enzyme expressed in Escherichia coli acts as a member of the respiratory chain in the prokaryotic host cells. In addition, on the basis of the observation that complex I-type enzymes and Ndi1-type enzymes coexist in bacteria, plant, and fungal mitochondria (16, 17) , it was anticipated that complex I in mammalian mitochondria may not hamper the association of the Ndi1 type enzyme with the inner mitochondrial membranes. Therefore, a possible approach for coping with complex I defects is to introduce into mammalian mitochondria an Ndi1-type enzyme. It was of interest to attempt the functional expression of Ndi1 in complex I-deficient mammalian cells in the hope that this might provide an assessment of the capacity of the yeast NDI1 gene to be useful for repair of complex I defects in mammalian cells.
In this paper, we demonstrate that the S. cerevisiae NDI1 gene has been transcribed and translated in Chinese hamster cells. The expressed Ndi1 has been incorporated predominantly into mitochondria by the leader sequence of Ndi1, and it restored the NADH oxidase activity of the complex I-deficient Chinese hamster cell mutant (CCL16-B2), which was isolated from lung fibroblasts by Scheffler and coworkers (18) (19) (20) (21) . The restored NADH oxidase is insensitive to rotenone, but is sensitive to flavone, a specific inhibitor for the yeast Ndi1.
MATERIALS AND METHODS
Two oligonucleotide primers were employed. One was to generate a KpnI recognition site 60 bp upstream from the initiation codon of the NDI1 gene: 5Ј-TCAGGTAGGGTAC-CAGTT-3Ј (the underlined bases were changed from S. cerevisiae DNA, and italic bases indicate the KpnI site). The other was to construct a BglII site 213 bp downstream from the termination codon of the NDI1 gene: 5Ј-AGTGATCAACA-GATCTTG-3Ј (the underlined bases were mutated from S. cerevisiae DNA, and italic bases show the BglII site). Using pRVS2.3 as the template, site-specific mutagenesis was carried out (22) . The resulting plasmid was designated pRVS(KpnI, BglII). The pRVS(KpnI, BglII) construct was cut with KpnI and BglII, and the 1.9-kbp KpnI͞BglII fragment containing the full-length NDI1 gene (1,539 bp) was ligated into the KpnI͞BamHI site in the mammalian expression vector pHook-2** (Invitrogen). The resulting expression plasmid was designated pHook(NDI1). The construct was verified by DNA sequencing of both strands as described previously (23, 24) .
The complex I-deficient CCL16-B2 mutant of Chinese hamster male lung fibroblasts was grown in DMEM supplemented with 10% fetal calf serum͞25 mM glucose͞50 g/ml gentamycin. Cells were maintained at 37°C in a 5% CO 2 atmosphere (19) (20) (21) .
Complex I-deficient CCL16-B2 mutant cells (1 ϫ 10 5 ) in 1 ml of DMEM containing 25 mM glucose and 10% fetal calf serum were cotransfected with 8-10 g of pHook(NDI1) and 2 g of pHook(LacZ) by a calcium-phosphate precipitation method (25) . The transfected cell lines were isolated by screening with 0.5 mg͞ml of antibiotic G-418. The NDI1-transfected CCL16-B2 cells can be grown in the DMEM ϩ 10% fetal calf serum ϩ 0.5 mg͞ml G-418 medium in the presence of 0.6 mM glucose.
Preparation of crude mitochondrial fractions from the transfected and nontransfected cells (26) , measurement of respiratory chain activities by digitonin-permeabilized cells (27) , protein determination (12) , SDS͞PAGE (28), DNA sequence analyses (29) , determination of DNA sequence (23), immunoblotting (5, 6), and immunofluorescence (30) were performed according to the references cited. Any variations from the procedures and other details are described in the figure legends. Prototype antibody specific to human mitochondria was a generous gift from Eng M. Tan (The Scripps Research Institute). This serum from the patient AMA with primary biliary cirrhosis reacted with the pyruvate dehydrogenase complex E2 subunit (70 kDa) and the 55-kDa polypeptide in human mitochondria (31) .
RESULTS

Transfection of Complex I-Deficient Cells with the NDI1
Gene. To investigate whether the yeast NDI1 gene can be functionally expressed in mammalian cells, we used complex I-deficient cells. Such mammalian cells have been reported by Scheffler and coworkers (Chinese hamster cells) (18) (19) (20) (21) and Attardi and coworkers (human cells) (32, 33) . We attempted to transfect the Chinese hamster complex I-deficient cell line CCL16-B2 with a full-length NDI1 gene (1,539 bp) inserted into pHook-2 vector. An initial experiment with transient transfection was only partially successful. However, the results were unclear because of a mixed population of transfected and nontransfected cells. Therefore, establishing stable cell lines was essential for performing reliable enzymatic activity assays and also for our ultimate goal of gene therapies. Several stable NDI1-transfected cell lines were established from single colonies after selection with the antibiotic G418. At present all isolated cell lines have exhibited the same properties as described below.
The NDI1-transfected CCL16-B2 cells were examined by confocal immunofluorescence microscopy by using anti-Ndi1 antibody and anti-human mitochondria antibody (Fig. 1) . It is clear that the expressed Ndi1 is predominantly localized to mitochondria. In addition, the anti-human mitochondria antibody was recognized at the same location in the cells as the antibody to the ␤-subunit of bovine heart ATP synthase (data not shown). To provide additional evidence for the mitochondrial localization of the Ndi1 enzyme, we performed Western analyses (immunoblotting) of crude mitochondrial fractions from nontransfected and NDI1-transfected CCL16-B2 cells, using the affinity-purified antibodies to the S. cerevisiae Ndi1, and the ␤-subunit of bovine heart mitochondrial ATP synthase (Fig. 2) . The antibodies to the ␤-subunit reacted with a single band (M r ϭ 55,000) of crude mitochondrial fractions of both CCL16-B2 cells. The antibody to the S. cerevisiae Ndi1 reacted with one band (M r ϭ 56,000) in the mitochondrial fraction of the NDI1-transfected cells, but this band was absent in the nontransfected cells. These results strongly suggest that the S. cerevisiae NDI1 gene was transcribed and translated in Chinese hamster CCL16-B2 cells. In addition, the precursor Ndi1 is imported into mammalian mitochondria, most likely by its leader sequence.
Electron Transfer Activities of the Transfected Cells. To assess whether the yeast NDI1 gene can be useful for repairing complex I defects in mammalian cells, it is required to investigate whether the Ndi1 expressed in these cells is functionally active. Therefore, nontransfected and NDI1-transfected CCL16-B2 cells were assayed for respiratory chain activity. Respiration can be measured with intact cells (27) . Digitonin, by binding to cholesterol in the eukaryotic plasma membrane, creates pores through which the soluble components of the cell A 5.5-kbp KpnI͞PstI DNA fragment bearing the full-length NDI1 was excised from 7,056 (approximately 17 kbp S. cerevisiae DNA inserted) and ligated into KpnI͞PstI-cut cloning vector pTZ19U. The resulting plasmid was designated pKP5.5. A 2.3-kbp SalI͞EcoRV fragment containing the full-length NDI1 was again isolated from pKP5.5 and ligated into SalI͞SmaI-cut cloning vector pTZ18U. The resulting plasmid was designated pRVS2.3. **pHook-2 uses the Rous sarcoma virus promoter to express and display a single-chain antibody against a specific hapten on the surface of transfected cells. The pHook-2 also contains the human immediate early cytomegalovirus promoter in the upstream of a multiple cloning site to express the gene of interest. This plasmid is useful for both of transient and stable transfection. can be released (34) . Because the intracellular membranes have a cholesterol content substantially lower than the plasma membrane, the mitochondria, other cell organelles, and the cytoskeleton are left intact (27) . Thus, the permeabilization with digitonin allows ready access by the respiratory substrates and inhibitors (glutamate, succinate, etc.) to be tested. It should be noted, however, that in this assay system added NADH does not contact complex I because NADH͞NAD on the cytoplasmic side is unable to penetrate into the matrix. With malate or glutamate as a permeable substrate, the corresponding dehydrogenase generates NADH from NAD in the matrix compartment, which is oxidized by complex I. This assay procedure is reliable and is not disturbed by various diaphorases. In addition, the number of cells required for this assay is not excessive. Therefore, this type of experiment has been carried out by using nontransfected and NDI1-transfected CCL16-B2 cells and parent CCL16 cells. As shown in Fig. 3 , the digitonin-permeabilized CCL16-B2 mutant cells did not show any appreciable oxygen consumption in the presence of added malate͞glutamate. Rotenone did not affect the respiration. When succinate was added, the respiration was remarkably stimulated. This stimulation was completely inhibited by antimycin A and KCN (data not shown). These results are consistent with previously reported results using mitochondria isolated from CCL16-B2 cells (20) . By contrast, the respiration in the digitonin-permeabilized NDI1-transfected CCL16-B2 cells was increased significantly by malate and glutamate, to a level comparable to those activities of the parental CCL16 cells (data not shown). This activity was insensitive to rotenone but sensitive to flavone, a specific inhibitor of the yeast Ndi1 (13) , whereas the activities of the parental CCL16 cells are completely inhibited by rotenone as described previously (20) . Furthermore, antimycin A and KCN also inhibited this respiration completely. These results indicated that the Ndi1 expressed in mitochondria of CCL16-B2 cells acts as an upstream member of their respiratory chain. In addition, NADH did not increase the respiration of the digitonin-permeabilized NDI1-transfected CCL16-B2 cells, suggesting that the NADH-binding site of the expressed Ndi1 faces the matrix compartment as in the yeast mitochondria. Therefore, it is likely that the signal sequence of the yeast Ndi1 functioned correctly in mammalian cells. This is, however, not surprising because some mammalian signal sequences have been reported to function in import of polypeptides into the yeast mitochondrial matrix phase and vice versa (35, 36) .
Effect of Glucose͞Galactose on the Cell Growth. CCL16-B2 mutant cells cannot grow if glucose is omitted from the medium, because cells are totally dependent on glycolysis due to complex I deficiency. When complex I-deficient CCL16-B2 cells are cultured in the presence of galactose instead of glucose, these cells died and detached from the culture plate overnight, because galactose cannot be utilized efficiently for glycolysis. Parent CCL16 cells can satisfy their energy requirement from respiration and oxidative phosphorylation. If complex I deficiency is complemented by the yeast NADH dehydrogenase, the phenotype of CCL16-B2 cells should become similar to that of the parent CCL16 cells and they should be able to utilize energy derived from oxidative phosphorylation for growth. Fig. 4 shows the effects of limiting the carbon source for glycolysis but not for respiration on cell growth of NDI1-transfected CCL16-B2. In the culture medium containing 5 mM glucose (Fig. 4A) , NDI1-transfected CCL16-B2 cells can proliferate at rates similar to that of the parent CCL16 cells, whereas the number of CCL16-B2 cells increased for 1 day, but then declined sharply because of cell death. It has been demonstrated that the mutant cells utilize all available glucose during the first day and then become energy starved (21) . Galactose is also a fermentable substrate, but the entry into The pellet was suspended in 2 ml of isolation buffer containing 210 mM mannitol͞70 mM sucrose͞1 mM EGTA͞5 mM Hepes, pH 7.2͞0.2 mM phenylmethanesulfonyl fluoride͞0.5% fatty acid-free BSA. The cell suspensions were treated with 0.1 mg͞ml of digitonin for 1 min on ice and homogenized in a Dounce homogenizer with a tight pestle (70-100 up͞down strokes). The homogenate was centrifuged at 3,000 ϫ g for 5 min at 4°C to remove unbroken cells and nuclei. The supernatant was centrifuged at 10,000 ϫ g for 20 min at 4°C. The pellet was suspended in 0.1 ml of the isolation buffer. This fraction is designated as the crude mitochondrial fraction. Immunoblotting was performed by use of the enhanced chemiluminescence system (Amersham).
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Proc. Natl. Acad. Sci. USA 95 (1998) glycolysis via the Leloir pathway is too slow to sustain the cells by glycolysis alone, and ATP has to be produced by oxidative phosphorylation. As anticipated, the NDI1-transfected cells now can grow at low glucose (0.6 mM) as well as parent CCL16 cells. Their growth is stimulated significantly by addition of 5 mM galactose (Fig. 4B) . This stimulation by galactose is probably because the cells need a hexose as a carbon source to make ribose and deoxyribose. In contrast, nontransfected cells could not survive under either conditions (Fig. 4B) . Taken together, it is apparent that expressed Ndi1 can change the physiological properties of CCL16-B2 cells from total dependence on glycolysis to utilization of respiration and glycolysis. In addition, the NADH-linked respiratory activities of the CCL16-B2 cells appear to be restored by the yeast NDI1 expression to the level of the parental CCL16 cells.
DISCUSSION
In a previous paper (12), we have reported that the S. cerevisiae Ndi1 enzyme overexpressed in E. coli acts as a member of the respiratory chain in the prokaryotic host cells, even though E. coli membranes are different from S. cerevisiae inner mitochondrial membranes with regard to quinones and lipid composition. Recognizing Ndi1 to be a versatile enzyme, we considered Ndi1 as a possible candidate for repair of complex I defects in mammalian cells. In this paper, we have demonstrated that the yeast NDI1 gene product has been expressed in mammalian mitochondria. Its function can complement the defect in complex I-deficient Chinese hamster CCL16-B2 cells by restoring a flavone-sensitive NADH oxidase activity, and the capacity for respiration. Sensitivity to antimycin A and KCN indicates that the NADH oxidase activity is coupled to the downstream portion of the mitochondrial electron transport chain (complexes III and IV). In contrast to the original mutant cells, CCL16-B2 expressing Ndi1 can grow in media with low glucose concentrations or with galactose replacing glucose. Both of those conditions require that cells can carry out oxidative phosphorylation. These results indicate that Ndi1 is an excellent candidate for molecular remedy of complex I defects in mammalian mitochondria. In addition, it should be noted that use of the yeast NDI1 gene applies to the complementation of structural and functional defects of complex I subunits encoded not only by mtDNA, but also by nuclear The cells were harvested by trypsinization and resuspended in 1 ml of a medium containing 20 mM Hepes, pH 7.1͞250 mM sucrose͞10 mM MgCl2. The cells were treated with 50-150 g of digitonin until more than 90% of the cells are stained by trypan blue. The digitonin-treated cells were washed with the same medium. Oxygen consumption was measured polarographically in 0.6 ml of the buffer containing 20 mM Hepes, pH 7.1͞250 mM sucrose͞10 mM MgCl2 by using a Clark electrode in a water-jacketed chamber maintained at 37°C. (10 5 ) (circles) were inoculated in a 0.6-mM glucose culture medium in the presence (closed symbols) and absence (open symbols) of 5 mM galactose. In the case of NDI1-transfected CCL16-B2 cell culture, 0.5 mg͞ml of antibiotic G418 also was present. Cells were cultured at 37°C in a 5% CO2 atmosphere. Cell viability was assessed by trypan blue exclusion, and cell numbers were determined every 24 hr by using a hemocytometer.
